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Highlights 
 Reports a set of meta-analyses of human fMRI fear extinction studies involving over 
1300 participants 
 Human fear extinction learning and extinction recall are consistently distinct in their 
neural correlates 
 The contribution of prefrontal cortical subregions to extinction appears to be more 
nuanced than what is suggested by current translational models 
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ABSTRACT 
The study of fear extinction represents an important example of translational neuroscience in 
psychiatry and promises to improve the understanding and treatment of anxiety and fear-related 
disorders. We present the results of a set of meta-analyses of human fear extinction studies in 
healthy participants, conducted with functional magnetic resonance imaging (fMRI) and 
reporting whole-brain results. Meta-analyses of fear extinction learning primarily implicate 
consistent activation of brain regions linked to threat appraisal and experience, including the 
dorsal anterior cingulate and anterior insular cortices. An overlapping anatomical result was 
obtained from the meta-analysis of extinction recall studies, except when studies directly 
compared an extinguished threat stimulus to an unextinguished threat stimulus (instead of a 
safety stimulus). In this latter instance, more consistent activation was observed in dorsolateral 
and ventromedial prefrontal cortex regions, together with other areas including the hippocampus. 
While our results partially support the notion of a shared neuroanatomy between human and 
rodent models of extinction processes, they also encourage an expanded account of the neural 
basis of human fear extinction.  
 
Introduction 
Just as learning to predict threat (fear or threat conditioning) is critical to one’s survival and 
wellbeing, learning that a prior threat no longer signals danger (fear or threat extinction) is also 
fundamentally adaptive. Recognized almost a century ago (Pavlov, 1929), the construct of ‘fear 
extinction’ has received renewed interest over the past two decades, particularly with regard to 
its underlying neural basis (Dunsmoor et al., 2015; Myers and Davis, 2002; Quirk and Mueller, 
2008; Tovote et al., 2015). It is expected that a deeper knowledge of fear extinction mechanisms 
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will increase our understanding of anxiety and fear-related disorders, to which extinction deficits 
have been broadly implicated (Duits et al., 2015). Similarly, because fear extinction principles 
form the basis of successful exposure therapies for these disorders, it is also hoped that their 
ongoing neuroscientific study will lead to further treatment advances. For example, a recent 
study confirmed that brain activation during fear extinction learning predicted exposure therapy 
outcome in socially anxious individuals (Ball et al., 2017).  
 Importantly, detailed neurocircuitry accounts of extinction processes based on 
rodent studies have been broadly anatomically translated to human studies via the application of 
functional magnetic resonance imaging (fMRI)(Dejean et al., 2015; Hartley and Phelps, 2010; 
Linnman et al., 2012; Milad and Quirk, 2012). This work has led to some consensus about the 
brain’s core ‘fear extinction network’, which typically includes the amygdala, hippocampus and 
ventromedial prefrontal cortex (vmPFC)(Gottfried and Dolan, 2004; Hauner et al., 2013; 
Kalisch, 2006; Milad et al., 2007; Phelps et al., 2004). However, as more fMRI studies have 
targeted this network, a somewhat less consistent picture has emerged. For example, during fear 
extinction learning, increased and decreased amygdala responses to conditioned (CS+) versus 
non-conditioned stimuli (CS-) have been reported (Gottfried and Dolan, 2004; LaBar et al., 
1998; Milad et al., 2007; Sehlmeyer et al., 2011). The vmPFC also demonstrates a complex 
activity profile that challenges straightforward interpretation (Harrison et al., 2017). Relative to a 
resting baseline, vmPFC activity is initially suppressed by CS+ versus CS- during conditioning; 
a difference that gradually minimizes over the course of extinction learning as CS+ become less 
threatening, or more safe (Milad et al., 2007; Phelps et al., 2004; Schiller et al., 2008; Schiller 
and Delgado, 2010). Somewhat more consistent vmPFC responses are observed during fear 
extinction recall (Kalisch, 2006; Milad et al., 2007; Phelps et al., 2004), which parallels the 
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findings of some (Quirk and Mueller, 2008) but not other animal studies (Bukalo et al., 2015; , 
Do-Monte et al., 2015). Indeed, with regards to the latter, there is current debate regading the 
precise contribution of the vmPFC to extinction learning vs. recall processes, which accordingly, 
present a challenge to human fear extinction models that emphasise a more primary role in 
extinction recall (Clem and Schiller, 2016; Delgado et al., 2016).  
In a previous meta-analysis using the activation likelihood estimation (ALE) method 
(Eickhoff et al., 2012) and including 10 studies and 154 participants, anterior and posterior 
vmPFC subregions, as well as the dorsomedial PFC, were identified as consistently activated in 
fMRI fear extinction studies (Diekhof et al., 2011). However, this meta-analysis combined 
extinction learning (where most often a CS+ versus a CS- is compared) and extinction recall 
(where often an extinguished versus an unextinguished CS+ are compared) studies, which 
complicates its interpretation. Moreover, this meta-analysis did not explore the effects of 
experimental variables on extinction or assess the robustness of findings across studies. 
Regarding extinction recall, Menz et al. (2016) recently conducted an ALE-based meta-analysis 
that focused on vmPFC activity across 15 studies. While confirming a role for the vmPFC, the 
contribution of other brain areas to extinction recall was not examined. This analysis also 
grouped together studies employing different contextual manipulations to assess extinction 
recall, which may have obscured its findings, given that extinction is known to be highly 
context-dependent (Bouton, 1993; Maren et al., 2013). It also pooled data from studies of healthy 
‘control’ and trauma-exposed ‘control’ participants, which may not be compatible populations 
for studying neural fear extinction processes (Marin et al., 2016).  
Our current aim was therefore to address such limitations and to provide an updated and 
extended meta-analysis of fMRI fear extinction learning and recall studies, including a total of 
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more than 1300 participants. We investigated the role of several experimental variables in 
extinction learning and conducted, for the first time, a direct meta-analytic comparison of brain 
activation patterns evoked during fear conditioning versus fear extinction learning. Our analyses 
were primarily based on the inclusion of original whole-brain statistical maps, which increased 
our sensitivity to identify the most robust brain activation effects across studies. 
 
Methods and materials 
We followed MOOSE guidelines for meta-analyses of observational studies (Stroup et al., 2000).  
 
Search and inclusion of studies 
A comprehensive literature search using PubMed, Web of Knowledge and Scopus was 
conducted for English-language peer-reviewed studies of conditioned fear extinction (extinction 
learning and extinction recall) in human healthy adults 1 (age > 18 years) through August 31, 
2017 (See PRISMA diagrams in Supplementary Figures S1 and S2). The search terms were: 
‘fMRI’ or ‘magnetic resonance imaging’, ‘fear’, ‘extinction’, and their combinations. Returned 
articles were also manually inspected for additional studies. We focused on studies that assessed 
fear extinction using delay differential cue-conditioning paradigms (i.e, where a CS+ and a CS- 
are presented and the CS+ precedes the US) and that reported direct comparisons between a CS+ 
and CS- during fear extinction learning or fear extinction recall (where some studies compared 
an extinguished versus an unextinguished CS+; see below). If pharmacological or other 
challenges were involved, only results from the placebo/non-challenge condition were included.  
For extinction learning meta-analyses, studies were excluded if they did not provide evidence of 
successful initial fear conditioning (e.g., increased skin conductance response (SCR) to CS+ > 
                                                          
1 We excluded "trauma-exposed" controls from post-traumatic stress disorder studies (see Introduction) 
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CS-); if they used masked CSs or an unconditioned stimulus (US) with ambiguous meaning; or if 
the CS–US contingencies changed during conditioning. For extinction recall meta-analyses, 
studies were excluded if they did not provide evidence of successful extinction learning (e.g., 
reduced differential SCR to CS+ > CS-). There was no duplication of participant groups across 
studies. We contacted authors regarding their willingness to share original maps, or to provide 
whole brain analysis results if these maps were not available.  
 
Extinction learning meta-analyses  
We first conducted a meta-analysis of all extinction learning studies (Extinction learning meta-
analysis). In certain studies, all CSs trials during extinction were included in the analysis, 
whereas in others, ‘early’ and ‘late’ extinction phases were modeled separately. When more than 
one contrast was available from a given study, we sought to include the contrast involving all 
trials. If this contrast was not available, we focused on late extinction learning trials (Milad et al., 
2007). The influence of gender (% female), age (sample mean of participants per study), 
reinforcement rate and number of CSs during conditioning, and number of CSs during extinction 
was examined via meta-regression. Moreover, we directly compared the extinction phase of 
studies where conditioning and extinction took place in a different context versus studies where 
conditioning and extinction took place in the same context (Different context versus same 
context). To decrease heterogeneity, we excluded from this analysis studies assessing context 
and cue conditioning in the same experiment, studies using instructed conditioning or extinction, 
and studies investigating delayed extinction. Finally, we also directly compared the studies 
(n=27, 677 participants) included in our previous meta-analysis of fear conditioning (Fullana et 
al., 2016) with the fear extinction learning studies included in the current meta-analysis (Fear 
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conditioning versus extinction learning), with the exception of those studies that were included 
in the former conditioning meta-analysis. We focused on results corresponding to the overall 
assessment of conditioning and extinction trials (CS+ > CS-), respectively. If these contrasts 
were not available, we included results corresponding to the analysis of ‘early’ phase 
conditioning and ‘late’ phase extinction trials (CS+ > CS-), as there is some consensus that the 
neural correlates of each process are best captured during these respective phases (Fullana et al., 
2016; Milad et al., 2007). 
 
Extinction recall meta-analyses 
We conducted a meta-analysis of all extinction recall studies (Extinction recall meta-analysis). 
Additionally, we conducted two separate meta-analyses including 1) only studies where 
extinction recall was tested in the same context as extinction learning and included at least two 
CS+ during extinction recall (an extinguished CS+, or ‘CS+E’, and an un-extinguished CS+, or 
‘CS+U’; thus corresponding to the primary contrast of CS+E > CS+U) (Extinction recall 
contrast 1); 2) studies where extinction recall was tested using a CS+ > CS- contrast (Extinction 
recall contrast 2). 
 
Meta-analytic approach 
The anisotropic effect-size version of seed-based d mapping software (ES-SDM; 
http://www.sdmproject.com; Radua et al., 2012) was used to generate voxel-wise (random 
effects) activation effect size maps corresponding to the aforementioned analyses and contrasts 
of interest. ES-SDM is a neuroimaging meta-analytic approach that is capable of combining 
tabulated brain activation results (i.e., regional peak statistic and coordinate information) with 
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actual empirical voxel-wise ‘activation maps’ (e.g., statistical parametric maps). We focused on 
the comparison CS+ > CS- in all extinction learning meta-analyses. For extinction recall, we 
used both the CS+ > CS- and the CS+E > CS+U contrasts.   
To assess the robustness of the main findings, we conducted jackknife sensitivity 
analyses (to check for replicability) and we also used the I2 index and Egger’s test (Egger et al., 
1997) to assess the heterogeneity of effect sizes and publication biases, respectively. Statistical 
significance was assessed using a randomization test and ES-SDM default thresholds (voxel-
level P< 0.005 uncorrected, minimum cluster extent 10 contiguous voxels). Previous simulations 
indicate that this threshold approximates a control for multiple comparisons and provides an 
optimal balance between sensitivity and false-positive rate (Radua et al., 2014). A more 
conservative threshold (P< 0.0005) was applied to the meta-regression analysis to familywise 
control for the multiple testing (several meta-regressions). 
 
Results 
Meta-analysis characteristics 
The number of studies, participants, and main characteristics of the studies included in each 
meta-analysis are reported in Tables 1, 2, and S1. Peaks and coordinates for studies for which 
activation maps were not available are reported in tables S2 to S5.  
 
---Table 1--- 
---Table 2--- 
 
Extinction learning meta-analysis (31 studies; 1074 participants).  
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Figure 1 presents the meta-analytic mean map of brain regions consistently activated during 
extinction learning. These regions included the rostro-dorsal anterior cingulate cortex extending 
to the pre-supplementary motor cortex and medial prefrontal cortex, bilateral anterior insular 
cortex extending to frontal operculum, dorsolateral prefrontal cortex, anterior putamen extending 
to ventral caudate, bilateral ventral pallidum, anterior and medial thalamus, and midbrain/dorsal 
pons (~ periaqueductal grey). Robustness analyses indicated that these findings were preserved 
in most studies, and there was no evidence of heterogeneity or publication bias (except for the 
clusters including the left ventral caudate and the right premotor cortex) (Table S6). As a 
supplement to these results, we also performed a restricted analysis of studies reporting late 
extinction phase effects alone2. Results are presented in Table S7 and demonstrate that the 
activated regions most consistently observed in late extinction phases included the anterior 
thalamus, ventral putamen and right anterior insular cortex.  
No significant associations via meta-regression were identified between gender, age, 
reinforcement rate or number of CSs during conditioning, or number of CSs during extinction 
and the fear extinction activation effect.  
 
---Figure 1--- 
 
Different context versus same context (8 studies, 158 participants vs 17 studies, 635 participants). 
The direct comparison of studies where extinction learning took place in different (versus the 
same) context as fear conditioning identified significantly greater activation of the bilateral 
middle occipital cortex and left somatosensory-supramarginal cortex. The direct comparison of 
                                                          
2 It was not possible to conduct a formal meta-analysis comparing "early" and "late" extinction phases due to the limited number of individual 
studies calculating such contrast. 
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studies where extinction learning took place in the same (versus a different) context to that as 
fear conditioning identified significantly greater activation of the left anterior insular cortex, 
right posterior insular cortex and anterior cerebellum (see Table S8).  
 
Fear conditioning versus extinction learning (27 studies, 677 participants vs 24 studies, 834 
participants).  
The direct comparison of fear conditioning versus extinction learning identified consistently 
greater activation of the midline supplementary motor area extending to dorsal anterior cingulate 
cortex, anterior and mid insular cortex, ventral caudate nucleus, lower and upper brainstem 
regions, including the periaqueductal gray, and primary and secondary somatosensory cortex 
during fear conditioning (Figure 2; Table S9). No significant differences in activation were 
observed from the direct comparison of extinction learning to fear conditioning.   
 
---Figure 2--- 
 
Extinction recall meta-analyses (16 studies, 342 participants).  
Figure 3A presents the meta-analytic mean map of brain regions consistently activated during all 
extinction recall studies (see Table S10). These regions included the dorsal anterior cingulate 
cortex, bilateral anterior insular cortex extending to frontal operculum, the right septal-
hypothalamic region, and left second somatosensory-parietal opercular cortex. Further analysis 
of extinction recall contrast types indicated that this overall effect was mainly driven by studies 
employing the CS+ vs. CS- contrast (Figure 3B, Table S11). The meta-analysis of studies 
comparing CS+E to CS+U instead identified significant activation of the left anterior and right 
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dorsolateral prefrontal cortex, the subgenual cingulate-posterior ventromedial prefrontal cortex, 
left lateral orbitofrontal cortex, left parietal operculum, and right anterior hippocampus (Figure 
4, Table S12). All findings from the extinction recall meta-analyses were replicable and there 
was no evidence of heterogeneity or publication bias.  
 
---Figure 3--- 
---Figure 4--- 
 
Discussion 
We have conducted an updated and extended meta-analysis to examine the consistency of fMRI 
studies in evoking activation of core ‘fear extinction network’ regions. While our results partially 
support the notion of a shared neuroanatomy between human and rodent models of extinction 
processes, they also encourage an expanded account of the neural basis of human fear extinction. 
 Unlike early fMRI studies (Gottfried and Dolan, 2004; LaBar et al., 1998; Milad et al., 
2007; Phelps et al., 2004), the current meta-analyses did not identify consistent amygdala 
involvement during fear extinction learning. This observation is not entirely surprising: the 
precise nature of amygdala activity varied across early studies, including reports of both 
increased and decreased responses to CS+ versus CS-, as well as preferential responding to both 
early and late extinction trials. The absence of consistent amygdala involvement during 
extinction learning (including late extinction) parallels the findings of our recent meta-analysis 
of fear conditioning, which also separately examined early versus late trials (Fullana et al., 
2016). Interpretively, we favor the notion that while human amygdala activity is involved in 
associative fear/threat learning processes via its central role in species-conserved ‘defense-
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survival’ circuits (LeDoux, 2014), the engagement of these circuits may not be reliably indexed 
in conventional fMRI fear learning experiments, as compared to animal studies. This result may 
be due to the limited anatomical resolution of fMRI. For example, rodent studies have shown 
that some subnuclei of the amygdala may show increased activity and others show decreased 
activity during fear extinction (Repa et al., 2001; see Herry et al., 2010). Other factors that may 
explain such results are the standard design of fMRI experiments, including the necessary 
averaging across multiple trial repetitions; the use of different ‘baselines’ (see further); and the 
sparse (Bach et al., 2011) nature of amygdala activity evoked by these tasks in humans. 
Regarding the latter, animal studies suggest that it is implausible that consistent CS+>CS- 
responses are detected in the amygdala during fear learning studies using mass-univariate 
approaches (Ciocchi et al., 2010; Reijmers et al., 2007) and that other methods such as 
multivariate fMRI (Bach et al., 2011) may be better suited to this end. Finally, it is also possible 
that the amygdala, as well as other brain areas (see further) are more prominently recruited 
during intense fear states, such as those experienced in clinically anxious populations, and 
therefore were less evident in our meta-analysis focusing on fear extinction in healthy 
individuals. 
Another finding from early studies that was not reproduced relates to the involvement of 
the vmPFC in extinction learning, including late extinction learning (Gottfried and Dolan, 2004; 
Milad et al., 2007; Phelps et al., 2004). There is mounting evidence that the vmPFC 
preferentially responds to safety (CS-) versus threat (CS+) signals in human fear conditioning 
studies (Harrison et al., 2017; Schiller and Delgado, 2010). During extinction learning, the 
previous CS+ takes on the general properties of a safety signal (CS-), resulting in the standard 
contrast of CS+ > CS- responses being biased toward characterizing minimal difference between 
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them (safety vs. safety). This design issue is further complicated by the fact that studies have 
often relied upon additional comparisons to a ‘neutral’ baseline state in order to illustrate 
differential vmPFC activity changes. Such baselines have been derived from ‘rest/non-task’ 
intervals interleaved between CS trial presentations, during which participants typically view a 
central fixation stimulus (e.g. white cross). Two factors complicate their use: firstly, vmPFC 
activity is characteristically high during such non-task versus task states: a phenomenon linked to 
the concept of the ‘default mode network’ (Harrison et al., 2011, 2008; Raichle et al., 2001). 
Secondly, it cannot be ruled out that these intervals/stimuli also take on safety signal properties 
themselves, which would additionally modulate vmPFC activity (Harrison et al., 2017). If these 
issues are successfully addressed, we expect that future studies may characterize more robust 
involvement of the vmPFC in extinction learning, as noted in some of the more recent animal 
studies (e.g. Do Monte et al., 2015).  
 Extinction learning was instead linked to a pattern of brain activation that is more 
reminiscent of fear conditioning (Fullana et al., 2016; Mechias et al., 2010). In conditioning 
studies, participants consistently demonstrate activation of brain ‘central autonomic network’ 
regions, including its main cortical components – the anterior insular and dorsal anterior 
cingulate cortices (Fullana et al., 2016). Co-activation of these regions is frequently observed in 
human fMRI studies and has been linked prominently to the elicitation of negative affective 
states, including threat-related anticipatory anxiety (Etkin et al., 2011; Medford and Critchley, 
2010). One hypothesis is that these regions contribute fundamentally to the subjective experience 
of anxious and fearful states, particularly at the level of interoceptive (bodily) awareness (Fullana 
et al., 2016; Harrison et al., 2015). Considering that fear responses to CS+ vs. CS- are rarely 
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completely diminished during extinction learning, it seems reasonable that this contrast reliably 
maps enduring activation of these brain regions.  
  When directly compared to fear conditioning, brain activations observed during 
extinction learning were also significantly less robust (Figure 2). We know that extinction 
learning is a fragile phenomenon (Bouton, 2002; Giustino and Maren, 2015; Pavlov, 1929). Such 
fragility could arise from the competition between two memories (a "conditioning" versus an 
"extinction" memory) and the neural data presented here could be the result of such competition. 
However, there are potential alternative interpretations. It is possible that the same network of 
brain regions evoked during fear conditioning perform a different function during fear extinction 
learning (see Hermans et al., 2006) or that the reduced CS+ vs CS- activity during extinction 
learning represents the degradation of CS-US associations after repeated presentations of the 
CS+ without reinforcement (see Rescorla and Wagner, 1972). A further possibility is that the 
enduring neural threat response observed during extinction learning reflects an important 
dissociation between fear measures (Hugdahl, 1980); that is, neural responses may reflect an 
intact CS-US association that is, however, no longer expressed at a behavioral level. It is also 
possible that CS-elicited neural responses during extinction learning provide little information 
about the precise mechanisms of extinction. For example, according to some authors (Craske et 
al., 2014), extinction learning relies on expectancy violations (i.e., prediction errors) and it is the 
consolidation of extinction learning what determines how effective extinction ultimately is. A 
related hypothesis is that neural responses to CS offsets rather than CS onsets may more readily 
capture such expectancy violations and therefore neural extinction learning mechanisms (Raczka 
et al., 2011).  
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Although we were unable to identify brain activity changes that were specific to 
extinction learning versus conditioning, the meta-analysis of extinction learning studies has 
highlighted a more prominent involvement of dorsolateral prefrontal cortex than what has been 
suggested from individual studies. While extinction learning is considered a form of implicit 
emotion regulation (Schiller and Delgado, 2010), there has been little suggestion in fMRI studies 
that it also engages prefrontal cortical regions linked with more explicit ‘cognitive’ forms of 
emotion regulation (Delgado et al., 2008; Ochsner and Gross, 2005). Nevertheless, behavioral 
studies suggest that cognitive-regulatory factors may be more prominently involved in human 
fear extinction learning than conditioning (Lovibond, 2004). These factors may include both 
‘low level’ (e.g., selective attention, episodic memory) and ‘higher level’ processes (e.g. beliefs 
and expectancies) (Hermans et al., 2006; Lovibond, 2004; Lovibond and Shanks, 2002). All of 
these domains have been demonstrated to recruit dorsolateral prefrontal cortical involvement in 
human neuroimaging studies, and may have contributed to the observed findings here. Although 
this result will await confirmation, the broader involvement of prefrontal cortical areas does align 
with some recent models that place greater emphasis on the higher cognitive neural circuits 
contributions to human fear and anxiety processes (LeDoux and Pine, 2016).   
Cerebellar activation also emerged as a consistent observation across the different 
extinction contrasts, and most prominently in association with extinction learning. As confirmed 
here, activation of the anterior cerebellum (vermis) has been most strongly emphasized in 
association to extinction learning in fMRI studies, with some suggestion that it may participate in 
the autonomic regulatory aspects of fear inhibition (Kattoor et al., 2014; Lange et al., 2015; Utz 
et al., 2015). While it is difficult to draw further conclusions from the meta-analytic results, they 
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do confirm that anterior cerebellar activation is a consistent anatomical correlate of the extended 
neural circuitry of fear extinction learning.  
Our meta-analysis on extinction learning focused on the immediate (as opposed to 
delayed) effects of extinction after conditioning. Animal research suggests that immediate 
extinction can modify the consolidation of fear memories (Myers et al., 2006) and human 
research has shown that immediate extinction can produce a higher fear reduction than delayed 
extinction (Norrholm et al., 2008), and that early exposure therapy after trauma (equivalent to 
immediate extinction) reduces fear symptoms (Rothbaum et al., 2012). However, some studies 
also suggest that immediate extinction results in less fear reduction than delayed extinction (see 
Maren, 2014) and it is possible that both ‘types’ of  extinction involve at least partially different 
neural mechanisms (LeDoux and Pine, 2016). These issues considered, immediate fear extinction 
learning (measured at the neural level) has recently been shown to predict exposure therapy 
outcome (Ball et al., 2017), which may speak to the potential clinical relevance of our findings.  
 Our extinction recall results highlight the influence that different experimental designs 
have on characterizing the neural correlates of some fear learning processes. Whereas the CS+ vs 
CS- comparison elicited a similar pattern to extinction learning, the results of the CS+E vs CS+U 
contrast were more consistent with past studies emphasizing vmPFC-hippocampal/subcortical 
circuitry (Kalisch, 2006; Milad et al., 2007), and in particular, a role for the vmPFC in mediating 
successful fear response inhibition (Dejean et al., 2015; Hartley and Phelps, 2010; Milad and 
Quirk, 2012). While both experimental approaches are valid (Lonsdorf et al., 2017), the current 
results suggest that the CS+E vs CS+U contrast better captures the hypothesized vmPFC-
subcortical contributions to safety signal processing and fear inhibition/regulation. The results of 
the latter contrast were, however, more anatomically discrete. As noted in the introduction, the 
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role of the vmPFC in fear extinction processes is still debated. In fact, recent animal research 
suggests that the primary contribution of the vmPFC to fear extinction may relate to contextual 
processing rather than fear inhibition per se (Pennington et al., 2017).  
Of note, and similar to our extinction learning results, we also found increased activity in 
the dlPFC during extinction recall, but again only for the CS+U vs CS+E contrast (see Table 
S12). One possibility is that the dlPFC during extinction recall has a similar role to the vmPFC 
during extinction learning (i.e., dampening down subcortical responses), given the known role of 
the dlPFC in emotional regulation (Hartley and Phelps, 2010). Another possibility is that the 
dlPFC be the main contributor to the retrieval of the extinction memory (versus the fear memory) 
during recall. These possibilities deserve further research.   
The study of extinction recall in humans is challenging and it is likely that small 
procedural variations yield different outcomes (Lonsdorf et al., 2017). It is possible that the 
contrast of reinforced vs non-reinforced stimuli and extinguished vs unextinguished CSs 
represent assessments of different learning processes rather than different assessments of the 
same process. It is also possible that individual differences play a greater role in extinction recall 
in comparison to extinction learning (see Gershman and Hartley, 2015; Shumake et al., 2014) 
and that this variability is also expressed at the neural level.  
 This study has several limitations. Firstly, it seems likely that the absence of significant 
meta-regression results for extinction learning may have been influenced by a low degree of 
variability across studies in the demographic and task parameters that were assessed. Secondly, 
while we only included studies with reported evidence of conditioning/extinction learning at a 
behavioral level, the actual strength of learning in each study was not assessed. Finally, there 
were a limited number of available extinction recall (compared to extinction learning) studies for 
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the meta-analysis, although we were able to identify significant effects across all meta-analyses 
when applying an equivalent statistical threshold and corresponding robustness tests.  
In conclusion, we have provided a meta-analytic summary of the results of fMRI fear 
extinction studies. The findings endorse some current accounts of the neurobiological basis of 
fear extinction that have been translated between animal and human studies, but also suggest that 
more nuanced accounts of the prefrontal cortical contribution to human fear extinction, in 
particular, may be possible. To this end, the development of novel and more sophisticated 
experimental studies, including neuroimaging studies, should continue to drive the field forward 
in terms of advancing our understanding of extinction-related processes and their contribution to 
common anxiety and fear-related disorders, including potentially optimized treatments. 
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FIGURE LEGENDS 
Figure 1: Neural correlates of fear extinction learning estimated by meta-analysis. Results are 
displayed at p < 0.005 (cluster size ≥10 voxels) on the MNI 152 T1 0.5mm template. 
 
Figure 2: Neural correlates of fear conditioning versus extinction learning estimated by meta-
analysis (conditioning > extinction). Results are displayed at p < 0.005 (cluster size ≥10 voxels) 
on the MNI 152 T1 0.5mm template. 
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Figure 3: Neural correlates of fear extinction recall estimated by meta-analysis. A: Extinction 
recall overall results, B: Extinction recall CS+ > CS- contrast results. Results are displayed at p < 
0.005 (cluster size ≥10 voxels) on the MNI 152 T1 0.5mm template. 
 
Figure 4: Neural correlates of fear extinction recall estimated by meta-analysis (CS+E > CS+U 
contrast results). Results are displayed at p < 0.005 (cluster size ≥10 voxels) on the MNI 152 T1 
0.5mm template. 
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Table 1. Characteristics of the 31 fMRI studies included in the extinction learning meta-analysis. 
 
Authors N 
Males 
(%) 
Mean age 
(years) 
CS  
Reinforcement 
rate during 
conditioning (%) 
Change in 
context from 
conditioning 
to extinction 
Immediate 
extinction? 
  Number of 
CS+/CS- 
during 
conditioning 
  Number of 
CS+/CS- 
during 
extinction 
fMRI analysis a 
Ahs et al. 2015  43 49 28.7 Dynamic images (VR) 31 YES YES 16/16 16/16 Early, late * 
Benson et al. 2014  29 50 23.8 Geometrical figures 75 NO YES 16/16 12/12 Early, late * 
Diener et al. 2016  13 53 42.46 Geometrical figures 50 NO YES 18/18 18/18 Whole * 
Ewald et al. 2014  13 38 23.1 Lights (VR) 100 NO YES 16/16 8/8 Early, late 
Harrison et al., unpublished  58 33 21.8 Geometrical figures 50 NO YES 32/ 32 16/16 Whole, early, late * 
Hermann et al.2012  74 50 24.3 Geometrical figures 100 NO YES 20/20 15/15 Whole * 
Holt et al.2012  17 100 34.2 Photographs 60 YES YES 16/16 16/16 Early 
Icenhour et al.2015  23 48 33.7 Geometrical figures 75 NO YES 16/16 6/6 Early, late * 
Klumpers et al.unpublished  106 100 21.9 Geometrical figures 33 NO YES 18/18 18/18 Whole, early, late * 
Krause-Utz et al. 2015  26 0 28.16 Geometrical figures 50 NO YES 36/36 18/18 Whole 
Kuhn et al., unpublished 37 49 25.13 Geometrical figures 100 NO YES 18/18 12/12 Whole * 
Lindner et al.2015  15 0 22.53 Geometrical figures 100 NO YES 8/8 4/4 Whole * 
Linmann et al.2012  18 44 25.7 Photographs 62 YES YES 16/16 16/16 Early, late 
Lonsdorf et al. 2014  59 46 24 Angry faces 100 NO NO 15/15 24/24 Whole * 
Lueken et al. 2014  60 32 35.75 Geometrical figures 50 NO YES 32/32 16/16 Whole, early, late * 
Merz et al. 2012  49 41 24.33 Geometrical figures 100 NO YES 20/20 11/11 Whole * 
Merz et al. 2014  16 100 24.88 Geometrical figures 62 NO YES 16/16 16/16 Early, late * 
Milad et al. 2007  14 NA NA Photographs 60 YES YES 16/16 16/16 Late 
Milad et al. 2013  16 NA 25.8 Photographs 62 YES YES 16/16 16/16 Early vs late 
Molapour et al. 2015  20 50 22.39 Neutral faces 100 NO YES 9/9 12/12 Whole * 
Morris et al. 2015  21 48 24.03 Geometrical figures 100 NO YES 12/12 16/16 Whole * 
Pejic et al. 2013   49 54 23.49 Neutral faces 100 NO YES 17/17 2x(13/13) Whole * 
Phelps et al. 2004  11 45 NA Geometrical figures 33 NO YES 23/15 15/15 Whole * 
Rabinak et al. 2014  14 64 25.43 Geometrical figures 35 YES YES 23-23/15 30/30 Early, late 
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Reinhardt et al. 2010   20 100 28.8 Geometrical figures 50 NO YES 32/16 16/16 Whole 
Ridder et al. 2012, sample 1  60 63 21.25 Geometrical figures 50 NO YES 18/18 18/18 Whole 
Scharfenort et al.unpublished 77 47 24.8 Geometrical figures 100 NO NO 14/14 14/14 Whole * 
Sehlmeyer et al. 2011  32 38 23.6 Neutral faces 25 NO YES 40/30 25/25 Whole 
Soriano-Mas et al. unpublished 18 55 35.6 Photographs 62 YES YES 16/16 16/16 Whole 
Spoormaker et al. unpublished 48 87 24.9 Geometrical figures 50 NO COMBINED 30/15 15/15 Whole * 
Wicking et al. 2016  18 61 38.6 Geometrical figures 100 YES NO 30/30 30/30 Early, late * 
 
TOTAL/mean 
 
1074 
 
61 % 
 
27 
 
 
69% 
     
 
Abbreviations: CS, conditioned stimulus; CS+, CS followed by unconditioned stimulus; CS −, CS not followed by unconditioned stimulus, fMRI=functional magnetic resonance imaging, NA= Not available, VR= 
Virtual Reality 
* Datasets for which statistical parametric maps were available.  
a Contrast available for within-session fear extinction: whole (whole extinction), early (early extinction trials) and late (late extinction trials).  
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Table 2. Characteristics of the 16 fMRI studies included in the extinction recall meta-analysis. 
 
Authors N 
Males 
(%) 
Mean age 
(years) 
CS  
Interval extinction 
learning/extinction 
recall 
Extinction recall context fMRI contrast 
Ahs et al.2015  43 49 28.7 Dynamic images (VR) 24 hours Same as extinction learning CS+ vs CS- * 
Holt et al.2012   17 100 34.2 Photographs 24 hours Same as extinction learning CS+E vs CS+U 
Kalisch et al. 2006   17 53 25 Angry faces 24 hours Same as extinction learning CS+ vs CS- 
Krause-Utz et al.2015  22 0 27.95 Geometrical figures 72 hours Same as conditioning CS+ vs CS- 
Linmann et al. 2012  18 44 25.7 Photographs 24 hours Same as extinction learning CS+E vs CS+U 
Lonsdorf 2013 et al. sample 1  20 100 28.8 Geometrical figures 7 days Different to conditioning/extinction learning a CS+ vs CS- * 
Lonsdorf 2013 et al. sample 2  19 100 29.2 Geometrical figures 7 days Different to conditioning/extinction learning a CS+ vs CS- * 
Menz et al. 2016  20 0 26.55 Geometrical figures 30 hours Same as extinction learning CS+E vs CS+U * 
Menz et al. 2013  20 0 23.95 Geometrical figures 36 hours Same as extinction learning CS+E vs CS+U * 
Menz et al. unpublished 21 0 25.68 Geometrical figures 30 hours Same as extinction learning CS+E vs CS+U * 
Milad et al. 2007   14 NA NA Photographs 24 hours Same as extinction learning CS+E vs CS+U 
Milad et al.2013 19 NA NA Photographs 24 hours Same as extinction learning CS+E vs CS+U 
Pejic et al. 2013  49 54 23.49 Neutral faces 24 hours Same as conditioning CS+ vs CS- * 
Phelps et al. 2004   11 45 NA Geometrical figures 24 hours Same as conditioning CS+ vs CS- 
Rabinak et al. 2014  14 64 25.43 Geometrical figures 24 hours Same as extinction learning CS+E vs CS+U 
Soriano-Mas et al. unpublished 
18 55 35.6 Photographs 24 hours Same as extinction learning CS+E vs CS+U * 
TOTAL/mean 342 47% 27.4     
 
Abbreviations: CS, conditioned stimulus; CS+, CS followed by unconditioned stimulus; CS −, CS not followed by unconditioned stimulus; CS+E, extinguished CS+, CS+U, unextinguished CS+, 
fMRI=functional magnetic resonance imaging, NA= Not available, VR= Virtual Reality. 
* Datasets for which statistical parametric maps were available.  
a Conditioning and extinction learning conducted outside the scanner. 
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